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ierarchical porous materials
(micro-/meso-/macroporous) have
attracted significant attention owing to their important role played in the diffusion of guest species through an inorganic network of pores and channels and
their technological promise in many applications, including catalysis, sorption, and
separation.1,2 The combination of multiscaled porosity integrated into one moldable structure has been demonstrated to be
an effective solution for yielding improved
overall performances of the materials.3 To
create such structures, man-made templates such as bubbles, colloids,4
polymers,5,6 surfactant,7 and porous anodic
alumina8,9 have been widely used. However,
they generally lack inherent complexity
and hierarchical architecture, making it impossible to synthesize materials with unique
multiscale structures and morphologies.10
Nature provides many examples of biological materials with complicated, optimized, and efficient hierarchical morphologies and a large variety of porous structures
from nanometer to macroscopic scale,
which have been found to exhibit superior
performance and efficiency in chemical and
physical processes.11,12 Among the prevalent approaches to achieve these advanced
biological materials, learning from how
structural materials can assemble themselves, now known as biomimetic materials
chemistry, is perhaps the most promising
method toward future innovations in discovering new structures and improving corresponding performances.13
Owing to the inexpensive, abundant, environmentally benign, and renewable biological resources provided by nature, scien-
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Biotemplated Hierarchical
Nanostructure of Layered Double
Hydroxides with Improved
Photocatalysis Performance

ABSTRACT We report a biomorphic hierarchical mixed metal oxide (MMO) framework through a biotemplated

synthesis method. A uniform Al2O3 coating was deposited on the surface of the biotemplate with an atomic layer
deposition (ALD) process, and the film of ZnAl-layered double hydroxide (ZnAl-LDH), which faithfully inherits the
surface structure of the biotemplate, was prepared by an in situ growth technique. Subsequently, a polycrystal
ZnAlⴚMMO framework obtained by calcination of the LDH precursor has been demonstrated as an effective and
recyclable photocatalyst for the decomposition of dyes in water, owing to its rather high specific surface area and
hierarchical distribution of pore size. Therefore, the new strategy reported in this work can be used to fabricate a
variety of biomorphic LDHs as well as MMO frameworks through replication of complicated and hierarchical
biological structures for the purpose of catalysis, adsorbents, and other potential applications.
KEYWORDS: atomic layer deposition · biotemplated synthesis · hierarchical
structure · LDH · photocatalysis

tists have long been interested in
understanding the basic principles of the
biological organizations assembled by
highly order functional units and preparing
inorganic materials by biological templates.
For instance, researchers can fabricate such
biostructures with high reproducibility and
low-cost by utilizing biotemplate and coating it uniformly up to atomic thickness with
an inorganic material. Mann and co-workers
have successfully used bacteria, pollen
grain, and some other organisms as templates to morphosynthesize silica, calcium
carbonate, and calcium phosphate.14,15
Sandhage et al. employed diatoms to synthesize silicon nanocrystals with intricate
and well-controlled 3D morphologies at low
temperature.16 Later, the same group reported continuous nanocrystalline rutile
TiO2-based coating on 3D nanostructured
butterfly templates by the sol⫺gel technique.17 Up to now, several kinds of biological templates, such as pollen grain,15 butterfly wing,18 shells,19 living cells,20 rod-like
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Figure 1. (A) Optical photograph of the legume; SEM images of the tubular trichome on the surface of the legume at (B) a
low magnification and (C) a high magnification; (D) SEM image of the trichome with 600 deposition cycles of Al2O3 (⬃60 nm
in thickness).

bacteria and viruses,21 peptide,22 and DNA,23 have been
utilized to synthesize inorganic materials for the development of catalysis,24 separation, gas sensing,16 optical,18 electronic,25 lithium secondary battery,20 and biomedical applications.26
Layered double hydroxides (LDHs) are layered anionic clays generally expressed by the formula
[MII1⫺xMIIIx(OH)2](An⫺)x/n · mH2O (MII divalent and MIII
trivalent metals, respectively, An⫺ n valent anion).27 Calcination of LDHs at intermediate temperature
(300⫺600 °C) leads to the formation of mixed metal oxides (MMOs), which exhibit porous structure and high
thermal stability.28 On the basis of their versatility in
chemical composition and high dispersion of metal oxides, LDH and MMO materials have been widely used
as catalysts and supports, adsorbents for environmental remediation, and carriers for biological materials. Recently, the preparation of LDH and MMO films is a fastgrowing research field for effective manipulation and
application compared with the powder form.29 Some
researchers reported the LDH films by using hydrolysis
of alkoxide-intercalated LDH derivatives, ultrasonification, and layer-by-layer technique.30⫺32 Our group has
recently reported the preparation of the LDH films by
means of an in situ hydrothermal preparation on porous
anodic alumina/aluminum substrate; moreover, both
the superhydrophobic properties and corrosionresistance for the underlying aluminum were investigated in detail.33,34 Besides LDH films with 2D structure,
Leroux et al. reported well-organized 3D macroporous
LDHs by employing a colloidal crystal polymer as template.35 Although there have been some morphology
B
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and architecture studies on LDH materials, to the best
of our knowledge, biological organisms have not been
previously utilized for the formation of LDH materials.
By virtue of the advantages of biotemplates, it is feasible to obtain functional LDH materials with complicated and hierarchical morphologies for potential
applications.
We report herein a general and facile method to fabricate ZnAl⫺LDH film and the resulting calcination
product (MMO framework) through a biotemplated
synthesis technique and demonstrate its effective and
recyclable photocatalysis for the decomposition of two
kinds of dyes in water, that is, sulforhodamine B (RB)
and a azobenzene-containing polymer poly{1-4[4-(3carboxy-4-hydroxyphenylazo)benzenesulfonamido]1,2-ethanediyl sodium salt} (PAZO). A kind of legume
was chosen as the biotemplate in this work, with specific tubular trichome on the surface (Figure 1). It was
found that the biotemplated ZnAl⫺MMO framework
exhibits 2.4 times higher BET specific surface area and
much wider pore size distribution than the comparison
sample (ZnAl⫺MMO powder), accounting for its enhanced photocatalytic performances. Therefore, this
work not only provides a new biomimetic synthesis of
hierarchical nanocrystalline LDH films and resulting
MMOs framework but also gives demonstration of the
prospective application in the field of photocatalysis.
Our strategy includes three steps, as shown in
Scheme 1. First, a uniform Al2O3 coating on the surface
of the legume was fabricated through a lowtemperature atomic layer deposition (ALD) process.
This process preserves the shape and fine structures of
www.acsnano.org

the template but replaces the organic material by inorganic materials. Second, the ZnAl⫺LDH film, which
faithfully inherits the initial surface structure of the legume, was prepared by an in situ growth technique. Finally, the polycrystal ZnAl⫺MMO framework was obtained by sacrificial template method through
calcination of the LDH film precursor.
RESULTS AND DISCUSSION
Morphology and Structure of Biotemplated LDH and MMO.
The legume chosen in this work is the fruit of a kind of
wistaria. Numerous unclosed tubal trichomas can be
observed on the exterior surface of the legume, with
the diameter of ⬃10 m (shown in Figure 1A⫺C).
Atomic layer deposition (ALD) technique, which has
emerged as a fast-growing subfield of nanotechnology
research for the fabrication of controllable morphologies with high uniformity and precisely controlled
thickness,18,36 was used to replicate the biostructure of
the legume by 600 cycles of Al2O3 film (⬃60 nm), as
shown in Figure 1D. Comparison between panels C and
D of Figure 1 shows that no obvious change in surface
morphology can be observed after coating with Al2O3.
By an in situ growth procedure reported by our group
previously,33 ZnAl⫺LDH film came into formation based
on the Al2O3 coating deposited on the surface of legume. Figure 2A exhibits the surface view of the
biotemplated LDH film, which faithfully inherits the initial surface structure of the legume, and high magnifica-
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Scheme 1. Schematic representation for the fabrication of
biotemplated LDH film and MMO framework from the legume. One trichome on the surface of the legume is chosen
to illustrate the fabrication procedure.

tion (Figure 2B) shows curved and porous LDH crystal
films on the surface of the trichoma. After calcination at
500 °C for 6 h, the as-grown curved crystals completely
transferred to sheet-like nanocrystals perpendicular to
the substrate (Figure 3A,B), affording multilevel structures including an array of ordered mesopores as well
as macropores (Figure 3B,C). However, the comparative
powder sample of ZnAl⫺MMO exhibits randomly oriented particles with aggregation and irregular morphology (see Supporting Information Figure S1). The
XRD pattern (see Supporting Information Figure S2) of
the biomorphic MMO framework displays the coexistence of reflections attributed to a ZnO phase (JCPDS file
No. 36-1451)37 as well as a ZnAl2O4 phase (JCPDS file
No. 05-0669),28 which is in accordance with the XRD pattern of the comparison sample (the ZnAl⫺MMO powder, see Supporting Information Figure S3). The energydispersive X-ray spectrometry (EDX) analysis of the
ZnAl⫺MMO framework (Figure 3D) shows the presence of Zn, Al, O, and C, with a Zn/Al molar ratio of ⬃2.0.
The results above indicate that the as-grown biotemplated LDH/legume transformed into a ZnO/ZnAl2O4
MMO framework which mimics the original macroarchitecture of the legume. The calcination process results
in both the phase transformation and the decomposition of the biotemplate.
To further investigate the structural information of
the ZnAl⫺LDH/legume and its calcination product, the
materials were detected by high-resolution transmission electron microscopy (HRTEM). Figure 4A reveals
that the ZnAl⫺LDH film on the legume is crystalline,
as evidenced by well-defined lattice fringes in some regions. The hexagonal lattice with a ⫽ 0.30 nm corresponding to the (100) plane of the ZnAl⫺LDH phase
was observed in the HRTEM image. Figure 4B shows the
electron diffraction pattern of the nanocrystallite for
the same sample, and the diffraction rings can be indexed as from the ZnAl⫺LDH phase.38 The calcination
product of the ZnAl⫺LDH/legume was also investigated by HRTEM, as shown in Figure 4C,D. Figure 4C displays the hexagonal nanocrystal of the ZnAl⫺MMO
framework with a particle size of ⬃1 m, which approximately agrees with the SEM image (Figure 3B). Figure 4D exhibits a typical HRTEM image at higher mag-

Figure 2. SEM images of the in situ growth LDH/legume film at low magnification (A) and high magnification (B).
www.acsnano.org
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Figure 3. SEM images of the ZnAlⴚMMO framework obtained by calcination of LDH/legume precursor for the surface view
at low (A) and high magnification (B); (C) section view and (D) corresponding EDX spectrum of the biomorphic ZnAlⴚMMO
framework revealing the presence of Zn, Al, O, and C.

nification of the ZnAl⫺MMO framework. Interplanar
distances of 0.24 and 0.28 nm can be determined for
two separate nanocrystals, corresponding to the (311)
plane of cubic ZnAl2O4 and the (100) facet of hexagonal ZnO,28,37 which is consistent with the electron diffraction pattern (Figure 4E). Figure 4F shows the hexagonal nanocrystal ZnO with the interplanar distance

of 0.28 nm, in accordance with the hexagonal wurtzite
structure with the space group C6v.39 The results above
unambiguously confirm that the wurtzite crystalline
ZnO and cubic ZnAl2O4 structure formed through calcination process of the biotemplated LDH film. For comparison, HRTEM images for the ZnAl⫺LDH and
ZnAl⫺MMO powder samples were obtained (Support-

Figure 4. (A) HRTEM image of the ZnAlⴚLDH/legume; (B) electron diffraction pattern of the ZnAlⴚLDH/legume; HRTEM images of the ZnAlⴚMMO framework obtained from the ZnAlⴚLDH/legume at (C) low magnification and (D) high magnification; (E) electron diffraction pattern of the ZnAlⴚMMO framework; (F) HRTEM image of the ZnO nanocrystal.
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Figure 5. (A) N2 sorption isotherm and (B) pore size distribution of the biomorphic ZnAlⴚMMO framework.

ing Information Figure S4 and Figure S5, respectively).
Compared with the biotemplated LDH film, larger particles of ZnAl⫺LDH (20 nm in diameter) with higher
crystallinity were observed for the powder sample (Figure S4), and the hexagonal lattice a ⫽ 0.30 nm was
also determined. The powder sample of ZnAl⫺MMO
also exhibits two different interplanar distances, that is,
0.46 nm corresponding to the (111) plane of cubic
ZnAl2O4 and 0.26 nm for the (002) facet of hexagonal
ZnO (Figure S5). The biomorphic MMO framework
shows higher dispersion and lower crystallinity compared to the powder sample, possibly resulting from
its ordered hierarchical structure.
Sorption Analysis. The biotemplated ZnAl⫺MMO
framework was analyzed by nitrogen sorption measurement to shed light on its textural and pore size distribution properties. Figure 5A shows the nitrogen sorption
isotherm of the ZnAl⫺MMO framework, and the pore
size distribution was determined by means of the
Barrett⫺Joyner⫺Halenda (BJH) model from the desorption branch of the nitrogen sorption isotherm (Figure
5B). The ZnAl⫺MMO framework (Figure 5A) exhibits a
typical IV isotherm with a H3-type hysteresis loop (P/P0
⬎ 0.4), implying the presence of mesopores. Moreover,
any limiting adsorption at higher P/P0 cannot be observed, indicating the existence of macropores.40 This
result is further confirmed by the corresponding rather
wide distribution of pore size in Figure 5B (3⫺30 nm,
maximum at 3.76 nm). This is due to the hierarchical
structure of the biomorphic ZnAl⫺MMO framework:
mesopores result from an arrangement of nanocrystals
of ZnO/ZnAl2O4 with the ab plane perpendicular to the
substrate, while macropores originate from the tubal
trichomas on the surface of the legume. However, a narrow pore diameter distribution (3⫺10 nm, maximum
at 3.9 nm; see Supporting Information Figure S6) was
observed for the powder sample, as a result of the accumulation of the nanocrystals. A high specific surface
area (134.32 m2 · g⫺1) for the biomorphic ZnAl⫺MMO
framework was obtained owing to the monodispersion
www.acsnano.org

of nanocrystals, while the powder sample shows a specific surface area as low as 55.44 m2 · g⫺1. In conclusion,
the hierarchical structure and high dispersion of nanocrystals result in the wide pore size distribution and
high specific surface area of the biomorphic
ZnAl⫺MMO framework. This is preferable for the diffusion and transfer of reactants, which is a key factor influencing its catalytic performances.
Catalytic Performances. Hierarchically porous oxides
have received considerable interest as a potential catalytic support or photocatalytic materials. The photocatalytic properties of the ZnAl⫺MMO framework catalyst for the decomposition of two dyes (PAZO and RB)
were evaluated in this work. The ZnAl⫺MMO framework catalyst was immersed in the dye solution and irradiated with UV light from a mercury lamp. The absorption spectra of the solution as a function of
irradiation time (at every 15 min interval over a period
of 120 min) were recorded by using a UV⫺vis spectrometer. The self-degradations of both PAZO and RB were
also studied by using the dye solution as a reference
sample without any catalyst under the same irradiation
conditions. The decomposed content of dye was calculated by C/C0, where C and C0 are the absorbance intensity of the sample at time intervals and initial, respectively. It was found that the molecule of PAZO does not
degrade itself without any catalyst under irradiation of
UV light (Figure 6A). However, the existence of the
MMO catalyst favors the occurrence of this reaction.
The catalytic degradation by the MMO powder sample
was ⬃8.1% over 120 min, with the apparent first-order
reaction rate constant of 0.0007 min⫺1. In contrast, the
fraction of the decomposed dye was ⬃29% by the biomorphic MMO framework with the apparent reaction
constant of 0.0029 min⫺1. In the case of RB (Figure 6B),
obvious self-degradation was observed under irradiation of UV light, and the presence of MMO catalyst increases its degradation process significantly. The decomposition of RB by the biomorphic MMO framework
reaches ⬃81% over 120 min (the apparent first-order
VOL. XXX ▪ NO. XX ▪ 000–000 ▪ XXXX
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on the photocatalyst, namely, increasing the efficiency
of photoabsorption and improving mass transfer. In addition, the high dispersion of MMO nanocrystals and
wide pore size distribution not only benefit the transfer of the light-generated charge carriers to the surface
to react with dye molecules but also allow fast diffusion
of reactants and products. However, it should be noted
that the photocatalysis measurements in this work
only give qualitative value for the reaction, and the intrapore mass transfer resistance as well as proportionality of reaction rate to internal surface area was unknown. The cyclic performance of the MMO framework
was also tested, and the results demonstrate that it
can serve as an effective and recyclable photocatalyst
for even 6 times (Supporting Information Figure S7).
Compared with the MMO powder sample, it can be concluded that the biotemplated MMO framework can be
used as an excellent photocatalyst due to its large specific surface area and wide pore size distribution resulted from the hierarchical structure.

Figure 6. Photodegradation of (A) PAZO and (B) RB monitored as the
normalized concentration vs irradiation time.

reaction rate constant 0.0159 min⫺1), comparative to
⬃74% by the MMO powder sample (the apparent reaction rate constant 0.0120 min⫺1). On the basis of the results above, it can be concluded that the biomorphic
MMO framework exhibits much higher photocatalytic
activity than that of the comparison powder sample,
which is attributed to the hierarchical pores distribution as well as the higher BET surface area of the MMO
framework. It was well-known that large surface area
helps to increase the photocatalytic reaction sites and
promote the efficiency of the electron⫺hole separation.41 The macrochannels exhibit two beneficial effects

METHODS
Deposition of Al2O3 onto the Surface of the Legume. Legumes were
obtained from the campus of Beijing University of Chemical
Technology and were washed thoroughly with pure water. The
ALD deposition was performed in a Savannah 100 atomic layer
deposition system. Al(CH3)3 (TMA) and deionized water (R ⬇ 18
M⍀) were used as precursors for alumina growth. The deposition
was performed at 80 °C and under ⬃0.6 Torr chamber pressure.
Ultrahigh purity N2 was used as carrying and purging gas with a
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CONCLUSIONS
In summary, the present work demonstrates a general biotemplated methodology for the fabrication of
hierarchically macro/mesoporous MMO framework. By
using a combination of ALD⫺in situ growth⫺
calcination, the biomorphic ZnAl⫺MMO framework
was obtained with multilevel 3D morphologies from
nanoscale to macroscale using legume as the sacrificial
biotemplate. It was found that the MMO framework
catalyst can be used as an effective and recyclable
photocatalyst and exhibits higher photocatalytic activity than the corresponding MMO powder sample.
This is due to the hierarchical structure of the biomorphic MMO framework along with a high specific
surface area and wide pore size distribution (including mesopores and macropores). Therefore, it is anticipated that the new strategy reported in this work
can be employed to fabricate various biotemplated
LDH films as well as MMO frameworks. By virtue of
the versatility of biotemplates and highly tunable
compositions of inorganic LDH counterparts, these
biomorphic materials can be potentially applied in
the fields of catalysis and adsorption with enhanced
efficiency. Our study demonstrates an exciting approach for enhancing the chemical performance of
conventional catalysts through biomimicking.

flow rate of 20 sccm. The Al2O3 film was fabricated layer-bylayer on the surface of the legume with precisely controlled wall
thickness at a deposition rate of approximately 1 Å per cycle.
Each deposition cycle (one monolayer) lasted 24 s, yielding a total deposition of 600 cycles (⬃60 nm).
Preparation of ZnAlⴚLDH/Legume Film. ZnAl⫺LDH/legume film
was prepared by an in situ growth technique similar to a previous report by our group.33 Zn(NO3)2 · 6H2O (0.01 mol) and
NH4NO3 (0.06 mol) were dissolved in deionized water (100 mL),

www.acsnano.org
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and the 1% ammoniaol solution was then slowly added until
the pH reached 6.5. The Al2O3/legume substrate was placed in
the above solution in an autoclave at 75 °C for 36 h. Finally, the
substrate was removed, rinsed with ethanol, and dried at room
temperature.
Preparation of ZnOⴚZnAl2O4 Mixed Metal Oxide (MMO) Framework. The
sample of the above synthesized Zn⫺Al LDH/legume precursor
was calcined in air at 500 °C for 6 h, with a heating rate of 5 °C/
min and held at every 100 °C for 0.5 h. The calcination process
pyrolyzes the legume completely and converts the ZnAl⫺LDH
into ZnAl⫺MMO at the same time. The resulting product was
slowly cooled to room temperature.
Characterization. The powder XRD measurements were performed on a Rigaku XRD-6000 diffractometer, using Cu K␣ radiation ( ⫽ 0.15418 nm) at 40 kV, 30 mA, with a scan step of 0.02°
and a 2 angle ranging from 10 to 80°. The morphology of the
film samples was investigated using a Hitachi S-3500N scanning
electron microscope (SEM) with an accelerating voltage of 20 kV.
Transmission electron microscopy (TEM) images were recorded
with Philips TECNAI-20 and JEOL JEM-2010 high-resolution transmission electron microscopes. The accelerating voltage was 200
kV. Elemental analysis was performed using a Shimadzu ICPS7500 inductively coupled plasma emission spectrometer (ICPES). Samples were dried at 100 °C for 24 h prior to analysis, and
solutions were prepared by dissolving the samples in dilute hydrochloric acid (1:1). The specific surface area determination,
pore volume, and size analysis were performed by BET and BJH
methods using a Quantachrome Autosorb-1C-VP analyzer. Prior
to the measurements, samples were degassed at 200 °C for 2 h.
Photocatalytic Reactions. The catalytic activities of the MMO
framework were evaluated by the photocatalytic oxidation reaction of two dyes, that is, sulforhodamine B and poly{1-4[4-(3carboxy-4-hydroxyphenylazo)benzenesulfonamido]-1,2ethanediyl sodium salt} (PAZO). First, 3.5 mL of PAZO (1.0 ⫻
10⫺5 M) or sulforhodamine B (1.0 ⫻ 10⫺5 M) solution was added
to a typical quartz cell, and then 0.028 g of ZnAl⫺MMO framework catalyst was immersed into the solution. The powder
sample of ZnAl⫺MMO was also prepared and evaluated as a
comparison catalyst (see Supporting Information for preparation and characterization details). Then the quartz cells were
placed side-by-side and irradiated with UV light produced from
a mercury lamp. At given time intervals, the solution was analyzed by measuring the absorption band maximum using a Shimadzu UV-2501PC spectrophotometer. The procedure was performed for 6 cycles to evaluate the catalyst for multiple uses. The
blank reaction was carried out following the same procedure
without adding catalyst.
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